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1
High bond stresses at loading may cause anchorage failures by strand slip [26] and concrete 2 splitting [27] . In beams, the increased strand force resulting from equilibrating internal shear 3 forces also increases the force in the strand, most significantly along the transfer length. 4
Failure to account for this action has resulted in both splitting and strand slip failures. 5 6 Strand anchorage failures can lead to an abrupt flexural or shear failure in prestressed 7 concrete members [23] . The member may also collapse after general bond slip due to 8 combined bon-flexure-shear failure modes [20, 27, 28] . The additional confining action of the 9 transverse reinforcement favourably influences the anchorage capacity in these cases [13, 29] . 10 
11
Uniform bond stress distribution along the transmission and the complementary bond lengths 12 has been assumed by several authors and codess [30, 31] . This assumption results in bilinear 13 models which imply a linear variation of the prestressing stress as shown in Fig. 1 . The slopes 14 of the curves are proportional to the induced bond stresses within each zone. 15
16
In contrast with these models and with the Stress Wave Theory [11] , the Norsk Standard 3473 17
[32] and Bruggeling [33] consider it possible that greater bond stresses may develop in the 18 transmission zone when a prestressed concrete member is loaded. forces beyond the effective stress involve uniform bond stress increases along the whole of 23 the anchorage length. Consequently, the bond stress along the transmission length increases 24 approximately 15-30% over its initial value after prestress transfer (depending on the initial 1 prestress level and prestress losses). 2 3 On the other hand, Bruggeling [33] establishes the anchorage length directily without a 4 complementary bond length beyond the transmission length. According to Bruggeling [33] , 5 the mean bond strength value along the transmission length is proportional to 0.13f cm (f cm : 6 mean concrete compressive strength at release) for gradually released strands, and the 7 ultimate bond strength equally distributed over the whole anchorage length is proportional to 8 0.18f cm . Therefore, a bond strength improvement in the transmission zone from the prestress 9 transfer stage to the anchorage stage is inferred according to a ratio of 1.4 (0.18/0.13). 10 
11
Requirements regarding trand slip have not been explicitly established in the Norsk Standard 12 provisions [32] or by Bruggeling [33] for the defined lengths. 13 14
Bond test method 15 16
In this research program, the ECADA test method was used to investigate strand bond 17 [16, 17] . This method measures the prestressing strand force during strand release (prestress 18 transfer). Pull-out testing was sequentially performed on the same test specimens. Prestressed 19 concrete specimens with varying embedment lengths were cast to determine both 20 transmission and anchorage lengths. 21
22
The research program also recommends improvements to the test method. These 23 improvements include measuring strand end slip at the free end of the specimens during 24 loading, and defining two anchorage lengths: anchorage length -without slip-(L A ) and 25 anchorage length with slip (L AS ). In the first case, the criterion to determine the anchorage 1 length was based on the force achieved immediately before strand end slip occurs. In the 2 second case, only the strand force achieved was considered in determining anchorage length. 3 4
Test equipment 5 6
The specimens were tested in prestressing frames with additional components at both ends as 7 shown in Fig. 4 . An AMA (Anchorage-Measurement-Access) system was placed at the pull-8 out end to simulate the sectional rigidity of the specimen during the prestress transfer. This 9 system allowed for increases in strand force during the anchorage loading phase. An 10 adjustable strand anchorage was placed at the transmission end to facilitate strand tensioning 11 and release. To complete the testing program, six prestressing frames and 2 hydraulic 12 actuators were employed. 13 14
Measurement 15 16
The ECADA test method requires a force transducer and a pressure sensor to obtain the 17 necessary measurements. The force transducer was located at the end of the AMA system. 18
With the force transducers, strand force was measured during all test phases: tensioning, 19 provisional anchorage, detensioning, and loading. The pressure sensor controlled the force 20 exerted by the hydraulic actuator. 21
22
A displacement transducer was placed at the free end of the each test specimen (see Fig. 4) . The specimen test procedure included stages for preparation, prestress transfer (release) and 6 anchorage capacity (loading) analysis. Fig. 5 illustrates a test specimen at the loading stage. 7
The different phases for each stage are detailed below. a) The prestressing strand was placed in the prestressing frame and was anchored at both 10 ends. 11
b) The hydraulic actuator was positioned at the transmission end of the prestressing 12 frame. 13
c) The prestressing strand was tensioned and provisionally anchored by using the 14 adjustable strand anchorage. 15
d) The hydraulic actuator was removed. 16
e) The concrete was cast into the mold located in the prestressing frame. The concrete 17 was allowed to cure until the desired concrete properties were achieved. 18
Prestressing force transfer 19
a) The hydraulic actuator was positioned at the transmission end of the prestressing 20 frame to recover the actual prestressing strand force (P 0 ). 21
b) The adjustable strand anchorage device was released. 22
c) The hydraulic actuator was gradually unloaded, and the prestressing force was 23 transferred to the concrete. 24
d) The prestressed concrete specimen was supported at the end plate of the prestressing 1 frame included in the AMA system, and the prestressing strand force (P T ) was 2 measured after a stabilization period. a) The hydraulic actuator was positioned at the pull-out end of the prestressing frame. 5 b) A displacement transducer was placed at the free end of the test specimen. 6
c) The force in the prestressing strand was gradually increased by loading the hydraulic 7 actuator which separated the strand end anchorage at the AMA system from the 8 prestressing frame. 9
d) The maximum force achieved during the pull-out operation before strand slip at the 10 free end (P A ) was measured. 11
e) The maximum force achieved during the pull-out operation (P AS ) was measured. 12 f) Testing was complete when the prestressing strand fractured, the concrete split, or 13 there was excessive strand slippage. 14 15
Test analysis of specimen series 16 17
Once the specimens were tested, the transmission and the anchorage lengths were determined 18 by comparing the measured prestressing force to the specimen embedment length. corresponding to the effective prestressing force (P E , maximum prestressing force value 1 determined by strain compatibility between the prestressing strand and concrete). The 2 transmission length (L T ) corresponds to the shorter specimen embedment length that marks 3 the beginning of the horizontal branch. As shown in Fig. 6 , this is the point where P T = P E . 4
5
For the pull-out forces values (P A and P AS ), the curves are expected to present ascendent 6 tendencies (see Fig. 6 ). A reference force (P R ) was established to analyze the anchorage 7 behavior. The anchorage length (L A ) corresponds to the shorter specimen embedment length 8 of the test specimens in which P R is achieved in the pull-out operation without strand slip at 9 the free end of the specimen, that is, to the first specimen of the series with P A ≥ P R . The 10 anchorage length with slip (L AS ) corresponds to the shorter embedment length of the test 11 specimens in which P R is achieved in the pull-out operation, that is, to the first specimen of 12 the series with P AS ≥ P R . reducer. All mixtures contained a constant gravel/sand ratio of 1.14. Table 1 included parenthetically) for all concrete mixtures. The effective prestressing force P E is the 20 average value of the strand force in specimens with an embedment length equal to or longer 21 than the corresponding measured transmission length. As shown in Table 2 , the P A and P AS 22 are slightly greater than P R because of the 50 mm embedment length increments. As observed, 23 the anchorage length with slip (L AS ) obtained for all concrete mixtures was always shorter 24 than the anchorage length (L A ), and the anchorage length with slip (L AS ) was less than the 1 transmission length (L T ) for 9 of the 12 cases. 2 3
Stress Waves Theory verification 4 5
As observed in Fig. 7:  6 a) The prestressing force transferred (P T ) increases as embedment length increases until the 7 transmission length is achieved. 8 b) From the transmission length (L T = 550 mm in this case) forward, the transferred 9
prestressing force values are essentially constant and independent of the embedment length 10
c) The force achieved at first slip during the pull-out operation (P A ): i) coincides with the 12 corresponding prestressing force transferred P T when specimen embedment length is 13 shorter than the measured transmission length; ii) is greater than the effective prestressing 14
force P E when specimen embedment length is longer than the measured transmission 15 length, and the obtained P A value increases from P E until P R when the embedment length 16 increases; and iii) for the specimen embedment length equal to the measured transmission 17 length, P A essentially coincides with the effective prestressing force P E . 18
d) The values of maximum strand force achieved during the pull-out operation (P AS ) are 19 greater than the strand force values at first slip (P A ) in specimens with embedment length 20 shorter or equal than the anchorage length (L A ). In specimens where the embedment length 21 was longer than L A , the strands frequently ruptured. 22
23
The aforementioned facts have been observed for all series of specimens tested and they 24 indicate that, after prestress transfer and sequentially the anchorage loading is performed: 25 a) for cases where embedment length is shorter than the measured transmission length, the 1 increase of the prestressing strand force is only possible if strand end slips occur; 2 b) for cases where embedment length is longer than the measured transmission length, the 3 prestressing strand force can be increased without strand end slip; 4 c) for cases where the embedment length equals the measured transmission length, the 5 increase in the prestressing strand force from the effective prestressing force causes 6 strand end slips, and P A = P E : the Stress Waves Theory is directly verified by testing a 7 prestressed concrete specimen with embedment length equal to the transmission length, 8 and performing the anchorage loading sequentially after the prestress transfer on the same 9 specimen. 10 11
Bond performance 12 13
As shown in Fig. 7 , when the embedment length equals the transmission length (550 mm), the 14 strand force achieved during the pull-out operation at first slip (P A ) is slightly greater than the 15 effective prestressing force P E . This difference is due to the fact that the resolution in 16 determining the transmission and anchorage lengths depends on the interval (50 mm 17 increments) of the specimen lengths tested [37, 38] . Also, in the design of the ECADA test 18 equipment [16, 17] , the strand force measured in the AMA system after release is slightly 19 greater than the effective prestressing force in the specimen. This is because the rigidity of 20 the AMA system is slightly greater than the sectional rigidity of the specimens. Consequently, 21 as shown in Fig. 8 , the measured transmission length (L T,ECADA ) is somewhat longer than the 22 actual transmission length (L T,actual ). 23
24
To account for the difference between measured and actual, an adjusted line to the P A points 1 of specimens with embedment length equal to or longer than L T and shorter than L A (see the 2 idealized upper line in Fig. 7 ) can be used, as follows (see Fig. 8 Table 4 summarizes the average bond stress along each defined length for all concrete 18 mixture proportions. These bond stresses were calculated using Eq. (1) to Eq. (4). Table 4  19 also includes bond stress ratios and their average values. In all cases, U T is greater than U C , 20 U A has values between U T and U C , and U AS is greater than U T . 21
22
The average U T /U C ratio obtained in this work is 1.9 which is in the order of 
